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A tomic-scale information is of critical importance for understanding intrinsic characteristics of advanced functional materials such as ferroelectrics, magnets, superconductors, and catalysts. For example, it is often the small deviations from symmetry in atom positions and the resultant strains that allow ferroelectric oxides, used in computer memory chips, to store charge and information or to resonate with magnets as composite multiferroics. Ferroelectric crystals feature asymmetric or polar structures that are switchable under an external field, holding promise for random access memories, thin-film capacitors, and actuators (1). For integration into silicon chips, practical ferroelectric memories take the form of nanoscale films (1) . Nanoscale ferroelectrics have been predicted to undergo unusual phase transitions and exhibit distinctive domain patterns, such as closure quadrants with closed head-tail dipole moments, known as flux closures (2-7). These flux-closure domains should be switchable and may give rise to an unusually high density of bits (2), and they can undergo vortex-polarization phase transformation (6) . These domains are also predicted to be potentially useful as mechanical sensors and transducers (7) . Similar domains are well known in ferromagnetic materials (8) (9) (10) , and their topological properties and dynamics are under investigation (9, 10). However, in ferroelectric materials, particularly in tetragonal ferroelectrics, the coupling of polarization to spontaneous strain would be so pronounced that formation of a closure quadrant with its resultant severe disclination strains could be impossible (11, 12) . Although closure quadrants were reported recently in tetragonal ferroelectric BaTiO 3 (13) (14) (15) (16) (19) and BiFeO 3 (20) by aberration-correction transmission electron microscopy (TEM) or scanning TEM (STEM). The atomic-scale characterization based on STEM imaging has been validated to be capable of directly displaying ionic displacement maps (19) (20) (21) (22) (23) (24) , whereas approaches based on piezoresponse force microscopy are not able to do so because of lower spatial resolution (11, 14-18, 25, 26) .
In this study, we have grown PbTiO 3 /SrTiO 3 (PTO/STO) multilayer films on a GdScO 3 substrate with a lattice parameter larger than the a value of PTO (27) . Using aberration-corrected high-angle annular dark-field (HAADF) Z-contrast STEM imaging, we visualize, at the atomic scale, the existence of periodic twin-free flux-closure quadrants.
PbTiO 3 has a tetragonal structure (Fig. 1A ). Both the oxygen octahedra and the Ti 4+ have displacements from the center of the Pb 2+ tetragonal cell that give rise to the spontaneous polarization (Fig. 1, B and C) . The shifts of Ti 4+ (denoted as d Ti in Fig. 1B) can be used to determine the polarizations of PTO unit cells. In HAADF images, the Pb 2+ columns appear as the brightest dots because the intensity of atom columns is approximately proportional to Z 2 , where Z is the atomic number (20, 21, 23, 24 (Fig. 1C) can be determined by fitting them as two-dimensional (2D) Gaussian peaks, based on the HAADF-STEM images (19-24, 27, 28) . The d Ti vector in each unit cell is opposite to the polarization direction of PTO ( Fig. 1 and figs. S1 and S2).
A low-magnification high-resolution HAADF-STEM image of a PTO/STO film shows that the contrast in each PTO layer is basically uniform, indicating the homogeneity of chemical compositions (Fig. 1D ). Slight variation of the contrast implies the existence of domain walls. The domain structure was characterized by geometric phase analysis (GPA) (21, 27, 29) . The out-of-plane strain e yy shown in Fig. 1E displays a clear spatial arrangement of the domain patterns. The domains in the upper PTO layer (in red, c domains, with c axis along the out-of-plane direction) form a 2D periodic sinusoidal array, whereas the domains with triangular configurations give rise to another periodic array (in green, a domains, with c axis along the in-plane direction).
Four typical areas (labeled as 1, 2, 3, and 4 in columns. The combined d Ti configurations in areas 1 and 2 form a flux-closure pattern (closure quadrant); the same is true for combined areas 3 and 4. Such a closure configuration is almost the same as that predicted in ferromagnetic materials in (12) and in ferroelectrics in (30) . The combination of 1 and 2 forms a counterclockwise flux closure, whereas the combination of 3 and 4 leads to a clockwise flux closure. The same closure patterns can be identified in other areas. Because the order parameter of each flux closurethe toroid moment G, defined by the sum of cross-multiplication of radial vector R i and local dipole p i -can be uniquely assigned (2) , an antiparallel configuration of the G can be determined for a periodic closure pattern. The dynamic interactions of the periodic closures are of technological importance, as explored recently in BaTiO 3 platelets, although the closures are still composed of shape-conserving 90°stripe domains within each quadrant to accommodate the disclination strains (16) .
The long-range strains in these ferroelectric closure quadrants show interesting disclination characteristics. Based on the HAADF-STEM images, the in-plane and out-of-plane strains and lattice rotations [rigid-body rotation of crystal lattice (21, 29) ] are determined by GPA (Fig. 3) . The c lattice strains (that is, the in-plane strain e xx in the triangle domains in Fig. 3 , A to C, and the out-of-plane strain e yy in the sinusoidal array in Fig. 3 , D to F) have a strong local maximum around the vertices of the triangle domains, leading to a giant c lattice strain gradient. Away from the vertex, the strain gradient estimated in the triangle domain is~4 × 10 6 m -1 (Fig. 3C) . The lattice rotations are also spatially inhomogeneous (Fig. 3 , G to I); in each single domain, the lattice rotation changes continuously (Fig. 3, H and I ). Sudden jumps of lattice rotations (red arrows in Fig. 3, H and I) can be used to locate the 180°d omain walls in HAADF-STEM images. 3D illustrations of the c lattice strain mappings ( fig.  S3 ) indicate a giant strain gradient that appears like a "volcano" at the vertices of the flux closure.
Strains close to the vertex can be interpreted from the point of view of ferroelectric theory. Strains and strain gradients corresponding to the vertex derived from the HAADF images and calculated using the Landau-Ginsburg-Devonshire (LGD) framework are given in figs. S4 to S10. A strain gradient reaching~10 9 m -1 near the vertices can be identified ( fig. S5 ). The analysis of the results suggests that most of the considerable deformation that the material undergoes in the vicinity of the vertices (for instance, the peaks in Fig. 3 , B and C) and around domain walls can be attributed to the ferroelectric-electrostrictive contribution, which is not surprising given the large c/a ratio of the PbTiO 3 . However, the shear strain at the 180°domain wall appears to arise from a flexoelectric contribution
where u 5 is the shear strain component, F 44 is a component of the flexoelectric tensor, P S is the spontaneous polarization, R c is the correlation radius (width of a domain wall), and x 1 is the coordinate normal to the 180°domain wall. In fact, the flexoelectric coefficient F 44 can be directly estimated from the experimental data. The offset, which indicates the relative shift between two neighboring 180°domains, can be expressed as
which is similar to the expression given in (31) . Experimentally, we observe offsets as large as~1. , which is within an order of magnitude of values previously reported (31, 32) .
Moreover, the lattice strain reaches extremely high values left and right of the core of the vertex (Fig. 2) . At the core itself, the Pb columns appear to have bifurcated into two partial columns, possibly forming a small sliver of PbO. We expect large disclination stress in this region, the magnitude of which is roughly Eu, where E is Young's modulus and u is strain. The strain is much larger in the polar direction than in the nonpolar direction, consistent with the anisotropic elastic constants reported in (33) . Using an average value of elastic constant c 33~8 0 GPa in (33, 34) as an estimate of E, with the observed dilatation reaching 25% in the core region, the stresses would appear to reach the order of 20 GPa. The theoretical shear strength s theor of a material can be estimated from
where g is the surface energy and a the lattice parameter. Using g~1 J m −2 (35) gives s theor~1 4 GPa, suggesting that the lattice has ruptured because the disclination stresses exceeded the material's maximum shear strength. This lattice rupture is a general phenomenon at the vertex in this study (see fig. S12 for other examples). For the whole multilayer structure, the periodic arrangement of the closure-quadrant arrays is characterized by two fundamental aspects. Structurally, the disclination pairs are arranged in a reversed manner, known as strain-compensating hetero-disclination pairs (36) , whereas the clockwise and counterclockwise flux closures are stacked in an alternating fashion. This arrangement helps to relax the long-range strains in the disclinations (36) , consequently stabilizing the closure quadrants. Nevertheless, a large strain gradient remains (Fig.  3) . The disclination strain at the vertex here is up to 25%, which is more than one order of magnitude larger than that in rhombohedral BiFeO 3 ferroelectric, where the maximal disclination strain at the core is 1.5% (26) . At the atomic level, our results show convincing evidence of the compatibility of disclinations and closure quadrants in a ferroelectric, even with strong tetragonality.
The periodic array of closure quadrants is occasionally absent in our PTO/STO multilayers. Figure 4A is a low-magnification TEM image of another PTO/STO film displaying an overview of the periodic array of the closure quadrants in both of the 20-nm PTO layers. Figure 4B shows a schematic illustration of the periodic closure quadrants.
By comparing PTO films with various thicknesses, we have derived the stabilization condition for such periodic closure quadrants (27) . The thickness of each single PTO layer is the most important factor scaling the periodicity of the closure quadrants in tensile strained PTO/STO multilayers. We find that the thicknesses in which closure quadrants may occur are within the range of 15 to 36 nm. Thinner PTO tends to be fully strained without obvious domain structures, whereas thicker PTO tends to form alternating a/c domains (21) (figs. S13 to S16). In the present PTO/STO multilayer structures, each layer of PTO could be composed of such periodic closure quadrants. For example, in Fig. 4A , each of the two PTO layers is~20 nm thick, and both layers contain the periodic closure quadrants. This indicates that, by repeatedly introducing STO layers, it is possible to fabricate extremely thick PTO/ STO films that are composed of periodic disclination pairs in all PTO sublayers. Meanwhile, we find that the period of the closure-quadrant array w is strongly correlated with the PTO thickness d (Fig. 4C, following a linear relationship) . In particular, for each PTO thickness, the ratio of period/thickness is~1.45; i.e., w ≈ ffiffi ffi 2 p d. According to Kittel's law, stripe-domain widths are predominantly determined by the bulk domain energy E d , the domain-wall energy E w , and the film thickness d (11, 37) . This law was further extended for all ferroics, and a universal square root dependence wº ffiffiffi d p was deduced (11, 38) , where w is the domain period. However, the situation in the present study cannot be understood as simple 90°/180°stripe domains (37, 38) because of the substantial nonuniform disclination strains that result from the configuration of the flux closures. In (39) it was theoretically demonstrated that, for films with a specific thickness range, the energy associated with disclination strains breaks the square root law, and a new linear law wºa þ bd (where a and b are experiment-determined specific coefficients) is preferred. Our experimental results support the linear law with a = 0 and b ¼ ffiffi ffi 2 p . Our results indicate that giant strain gradients can be preserved within a very thick PTO/STO film by simply increasing the PTO/STO period. This may provide opportunities for exploring various functionalities induced by strain gradientssuch as the catalytic efficiency (40) of perovskite oxides-and other material properties that are tunable by elastic strains (41) .
The results also extend the potential of employing epitaxial strain for modulating ferroelectric domain patterns. Designs based on controllable ferroelectric closure quadrants could be fabricated for investigating their dynamics and flexoelectric responses and, in turn, may assist future development of nanoscale ferroelectric devices such as high-density memories and high-performance energy-harvesting devices. ver since the early days of celestial mechanics, the three-body problem has posed a major challenge to physicists. In the early 20th century, the failure to find a stable solution for the classical helium (He) atom (two electrons and a nucleus) heralded the demise of Niels Bohr's program of semiclassical atomic physics (1) . Quantum mechanics then added yet another surprising twist to the three-body problem, when in 1970 Vitaly Efimov predicted the appearance of an infinite series of stable threebody states of enormous spatial extents (2) . These Efimov states are predicted to exist for shortrange interactions such as the van der Waals force between atoms or the strong force between nucleons. When the potential becomes so shallow that the last two-body bound state is on the verge of becoming unbound or is unbound, then three particles stick together to form Efimov states. This three-body behavior does not depend on the details of the underlying two-body interactions. This makes the Efimov effect a universal phenomenon, with important applications in particle, nuclear (3, 4) , atomic (4), condensed-matter (5), and biological physics (6) . Figure 1A shows how the two-and three-body binding energies (the binding energy of an atomic cluster is defined as the energy needed to separate all constituents of the cluster to infinite distances) change as the depth of the two-body potential is increased. As indicated by the arrow above Fig. 1A , the depth of the two-body potential increases along the horizontal axis. As the depth increases, the s-wave scattering length a changes from negative values to infinitely large values to positive values. Negative a values correspond to the domain where shallow two-body bound states do not exist. For positive a, a shallow two-body bound state, the dimer (blue solid line in Fig. 1A) , exists. Bound threebody states (called trimers) exist in the green-shaded area. The extremely weakly bound three-body states close to threshold (solid red line labeled "1st ES" and the dashed black line labeled "2nd ES") are Efimov states, which have been predicted to possess remarkable characteristics that are intricately related to the discrete scale invariance of the underlying three-body Hamiltonian. Key characteristics of Efimov states are their unusual extent and structure. Figure 1B shows the calculated structure of the state labeled 1st ES for sign(a)|a| -1/2 = 0; i.e., for the ideal and universal case where the two-body scattering length is infinitely large and the dimer binding energy is equal to zero. For comparison, the size and shape of the ground state trimer (labeled "GS" in Fig. 1A ) are depicted in Fig. 1C . The hypothetical ideal SCIENCE sciencemag.org
